Abstract Molybdenum has long been known to be toxic to ruminants, but not to humans. However, more recently it has been increasingly reported that molybdenum shows toxic effects to reproductive organs of fish, mouse and even humans. Hence, its removal from the environment is highly sought after. In this study, response surface methodology (RSM) was successfully applied in the optimization and maximization of Mo 6? reduction to Mo-blue by Serratia sp. MIE2 for future bioremediation application. The optimal conditions predicted by RSM were 20 mM molybdate, 3.95 mM phosphate, pH 6.25 and 25 g l -1 sucrose with absorbance of 19.53 for Mo-blue production measured at 865 nm. The validation experimental run of the predicted optimal conditions showed that the maximum Mo-blue production occurred at absorbance of 20.87, with a 6.75 % deviation from the predicted value obtained from RSM. Molybdate reduction was successfully maximized using RSM with molybdate reduction before and after optimization using RSM showing Mo-blue production starting at the absorbance value of 10.0 at 865 nm going up to an absorbance value above 20.87. The modelling kinetics of Mo 6? reduction showed that Teissier was the best model, with calculated P max , K s and K i values of 1.97 Mo-blue per hour, 5.79 mM and 31.48 mM, respectively.
Introduction
The contamination of groundwater, soil and sediment by toxic redox-sensitive metals is a significant environmental problem. One low-cost solution is to use microbes to change the redox status of contaminants from soluble to insoluble species. Dissimilatory metal-reducing bacteria are recognized as bioremediation candidates given their ability to reduce iron, chromium, vanadium, tungsten and molybdenum (Jin et al. 2012) . Hexavalent molybdenum (Mo 6? ) is an emerging redox-sensitive heavy metal that is toxic and persistent in the environment. The widespread use of molybdenum in various industrial and agriculture activities with improper disposal has contributed to water and soil pollution around the world (Bojakowska and Borucki 2013; Smedley et al. 2014) . Mo 6? is very toxic to ruminants, with levels as low as several parts per million causing scouring or death. However, ruminants such as cows and sheep are more exposed to molybdenum poisoning than human beings. Signs of molybdenum toxicity in animals include anaemia, anorexia, profound diarrhoea, joint abnormalities, osteoporosis, hair discoloration, reduced sexual activity and death (Neunhäuserer et al. 2001) . Recently, it was discovered that hexavalent molybdenum toxicity manifests by inhibiting embryo development and spermatogenesis in catfish and mice at levels as low as several parts per million (Bi et al. 2013; Yamaguchi et al. 2007; Zhai et al. 2013; Zhang et al. 2013) . These new findings would indicate that molybdenum is a toxic heavy metal similar to chromium and increase the number of treatments used for its removal from soil and water bodies.
In the past decades researchers have focused on bacterial remediation as an environmentally friendly and low-cost method to address contamination (Huang et al. 2015) . The microbial reduction of toxic Mo 6? to the less toxic Mo-blue provides a useful detoxification process (Shukor et al. 2008a ). The first successful molybdenum remediation was applied on an agricultural soil contaminated with molybdenum in Tyrol, Austria, using phytoremediation and soil microbes to reduce the toxicity of soluble molybdenum (Neunhäuserer et al. 2001 ). Since then, many Mo-reducing bacteria have been reported as responsible for the transformation or reduction of hexavalent molybdenum to molybdenum blue under anaerobic and aerobic conditions. The mechanisms of its conversion to Mo-blue have been extensively studied (Ghani et al. 1993; Shukor et al. 2007 ). According to , the conversion process is suggested to involve enzymatic reduction, and phosphomolybdate is an intermediate species during the reduction process in all heterotrophic bacteria. The enzymes responsible for the reduction were first purified by Shukor et al. (2014) ; however, the yield was poor, and the sequencing of the enzyme was not pursued. The identification and sequencing of the enzyme would play important roles in solving a phenomenon that was discovered for the first time more than a century ago in E. coli by Capaldi and Proskauer (1896) .
Based on previous studies, the optimization of hexavalent molybdenum reduction to Mo-blue by locally isolated bacteria was performed using a classical technique (Lim et al. 2012) , the one-variable-at-a-time (OVAT) method, which involves varying one variable at a time while holding the other parameters constant. The OVAT technique exhibits many disadvantages because it does not show the interaction effects among the variables. Furthermore, a large number of intricate, time-consuming, and very expensive experiments must be conducted (Kertész et al. 2009 ). Therefore, one alternative to this method is the use of a multivariate optimization approach such as response surface methodology, artificial neural networks, genetic algorithms, etc. Response surface methodology (RSM) has been widely used as a tool for optimizing different parameters to evaluate and predict the interactions among different process parameters (Muhamad et al. 2013) . RSM is a collection of statistical and mathematical techniques that are useful for developing, improving and optimizing processes. The main advantage of RSM is that it reduces the number of experiments needed by using a factorial design and can be used to evaluate multiple parameters, their interactions and optimal point(s). RSM has been successfully applied in many bioremediation processes involving chromate reduction, the degradation of phenol, dyes, etc. Sharma et al. (2009) reported the application of response surface methodology to optimize the concentration of media components for growth and the Cr(VI) removal by Aspergillus lentulus AML05 with a 99.8 % removal achieved after the optimization process. Mohana et al. (2008) applied a central composite design (CCD) in RSM to optimize the decolourization process of the polyazo dye Direct Black 22 by using a mixed bacterial culture. Validation using the optimal conditions predicted by RSM showed that decolourization is completed within 12 h with 91 % removal.
The kinetic study of metal reduction can reveal the way a toxic substance affects the rate of reduction. Several kinetic models have been developed and proposed for bioremediation studies. Some of these models include Monod, Andrews, Luong, Haldane, etc. Such models allow the prediction of chemicals that remain for a certain length of time, the calculation of the time required to reduce the chemical to a certain concentration, an estimation of how long it will take before a certain chemical concentration will be attained at a certain point and the design of bioremediation schemes in situ or ex situ to remove the chemical contaminant to a designated concentration (Okpokwasili and Nweke 2006) . On the other hand, these models can also be used to predict the amount of biomass production achievable at a given time. To describe the bioreduction yield by the Serratia sp. strain MIE2, it is important to determine a suitable kinetic model that relates the Mo-blue production rate and the concentration of hexavalent molybdenum. A previous study on another Moreducing bacterium, the Bacillus sp. strain A.rzi showed that the best model was Luong (Othman et al. 2013) .
In this study, we describe the optimization of hexavalent molybdenum reduction by Serratia sp. strain MIE2 using a Box-Behnken design matrix for four significant parameters of molybdate reduction, such as pH and the molybdate, phosphate and sucrose concentrations. To the best of our knowledge, no study has reported the use of RSM for optimizing hexavalent molybdenum reduction to Mo-blue. Therefore, the statistical optimization of hexavalent molybdenum reduction by Strain MIE2 using response surface methodology is a novel approach. The optimal conditions obtained from the optimization process are then used to model hexavalent molybdenum reduction kinetics using several kinetics models listed in the literature.
Materials and methods

Chemicals
All chemicals used were analytical grade and purchased from Sigma (St. Louis, MO, USA), Fisher (Malaysia) and Merck (Darmstadt, Germany).
Cultivation of Serratia sp. strain MIE2
Serratia sp. strain MIE2 (GeneBank accession no. KF647218), a new molybdenum-reducing bacterium isolated from agriculture soil for the first time, was obtained from culture collection in the Institute of Bioscience, Universiti Putra Malaysia, under the accession Serratia sp. UPMC 926. The bacterium was grown in low phosphate media (LPM) comprising sucrose (3 %), (NH 4 ) 2 SO 4 (0.5 %), MgSO 4 Á7H 2 O (0.05 %), yeast extract (0.5 %), NaCl (0.5 %), Na 2 MoO 4 Á2H 2 O (0.24 %), and Na 2 HPO 4 (0.04 %). One hundred millilitres of the cultivation medium in a 250 ml shake flask was inoculated with 2 % inoculum to initiate the bioreduction process. The cultivation of the bacteria was conducted at room temperature for 24 h at 150 rpm. The Mo-blue production was measured at 865 nm using a UV/Vis spectrophotometer (Shimadzu, Japan). An absorbance above 1.0 was directly diluted using blank media (Shukor et al. 2008a ).
Screening significant parameter using PlackettBurman
Plackett-Burman designs are usually used to screen for the important factors that influence the experiment. The design is very useful in decreasing the amount of experimental runs during response surface methodology because only significant parameters are used during the optimization (Reddy et al. 2008 ). Plackett-Burman was applied in this study to evaluate and identify the significant parameters from the large number of variables. Seven parameters, namely molybdate concentration (A), phosphate concentration (B), pH (C), temperature (D), sucrose concentration (E) ammonium sulphate concentration (F) and incubation time (G), were used in this study. The response used in the screening process was molybdenum blue production, with 12 running experimental runs conducted. Statistical analysis was conducted the using Design Expert 6.0.10 software, Stat-Ease, Inc., Minneapolis, USA. The parameters with P values less than the significant level of 0.05 (P \ 0.05) from the regression analysis were considered to have a greater impact on hexavalent molybdenum reduction and were further optimized using response surface methodology (RSM).
Optimization of significant parameters using the Box-Behnken design
The experimental process to optimize hexavalent molybdenum reduction by the strain MIE2 was conducted using the Box-Behnken design in the response surface methodology (RSM). The Box-Behnken statistical design is an RSM design with an independent, rotatable, or nearly rotatable quadratic design with treatment combinations at the centre and midpoints of the edges of the process space. This design requires fewer experimental runs and less time compared with other RSM models. Hence, it offers a more cost-effective technique. In this study, RSM was used to investigate the relationships between four different significant parameters [molybdate concentration (A), phosphate concentration (B), pH (C) and sucrose concentration (E)] and molybdenum blue as a response and to optimize the relevant conditions of variables and predict the optimal conditions (Table 3) . The results obtained from the experiment were statistically analysed using the Design Expert 6.0.10 software, Stat-Ease, Inc., Minneapolis, USA (Hasan et al. 2011 ).
Modelling kinetics on hexavalent molybdenum reduction
Hexavalent molybdenum reduction kinetics were determined according to Othman et al. (2013) . A batch experiment was conducted under the optimal conditions obtained from the response surface methodology in a 250-ml conical flask, but the initial molybdate concentration varied with a concentration ranging from 0 to 50 mM. The kinetics were measured by collecting 1 ml of culture aliquots every 2 h for 24 h. The cultures were measured at 865 nm using a UV/Vis spectrophotometer (Shimadzu, Japan). In this study, six kinetic models available in the literature were used to represent the kinetics of hexavalent molybdenum reduction, as listed in Table 1 . All six kinetic models were fit to the experimental data. The model parameters were evaluated using the curve-fitting toolbox from Matlab R2012a based on Windows 7 (64 bit). The determined Moblue production constants were P, P max , K s , K i , S, S m , K and n, which represented the specific Mo-blue production rate (h -1 ), maximal Mo-blue production rate (h -1 ), half-saturation constant (mM), inhibition constant (mM), substrate concentration (mM), critical substrate concentration above which production of Mo-blue completely stops (mM), Webb and Yano constants (mM) and exponent representing the impact of the substrate to P max , respectively.
3 Results and discussion 3.1 Screening of significant parameters using Plackett-Burman design
The purpose of this study was to identify which ingredient in the medium is the most significant for supporting hexavalent molybdenum reduction. A Plackett-Burman design was used in this study to screen seven parameters with molybdenum blue production as the response. The parameters showing a significant effect with P values less than the significant level of 0.05 (P \ 0.05) from the regression analysis were considered to have a greater impact on the hexavalent molybdenum reduction and were further optimized using RSM (Reddy et al. 2008) . Table 2 shows the experiment suggested by the Plackett-Burman design, including the response results for each experiment. Statistical analysis using a Plackett-Burman design indicated that the molybdate concentration (A), phosphate concentration (B), pH (C), and sucrose concentration (E) were identified as the most significant parameters influencing the molybdenum blue production, with P values less than the significance level of 0.05 (P \ 0.05). The remaining components, such as temperature (D) and incubation time (G), were insignificant, with P values above 0.05. The R 2 value observed for this model was 0.9868, and the ''Pred R-Squared'' value of 0.9514 is in reasonable agreement with the ''Adj R-Squared'' value of 0.8148. A regression analysis was performed on the results, and the following first-order polynomial equation was derived that represented molybdenum blue production as a function of the independent variables:
Molybdenum blue production
The statistical analysis showed that it is not possible to evaluate the relationships between significant independent variables and the response using a first-order equation. Thus, the first-order model is not appropriate for predicting the response. Further investigations must be conducted by employing a second-order model using RSM. Shukor et al. (2008a) reported that the ratio between molybdate and phosphate concentrations is important for the formation of phosphomolybdate and intermediate species during the reduction process. Under acidic conditions, and in the presence of phosphate anions, a phosphomolybdate complex will be formed. High concentrations of phosphate will destabilize the phosphomolybdate and inhibit molybdenum blue production. According to Lim et al. (2012) , the hexavalent molybdenum reduction process occurred under a weakly acidic environment within a pH range of 5-6.5 for the formation phosphomolybdate, and the optimal pH required by the molybdenum-reducing enzyme to reduce phosphomolybdate to molybdenum blue also occurred in this range. The sucrose concentration is a significant parameter in this study because hexavalent molybdenum reduction depends on the by-product of glycolysis, NADH. The more NADH produced, the higher the formation of molybdenum blue (Yunus et al. 2009 ).
Optimization of significant variables using the Box-Behnken design
This study focused on studying the combined effects of the four significant parameters obtained from the previous Plackett-Burman design on hexavalent molybdenum reduction. To optimize the process variables for maximal reduction using the Box-Behnken design, 30 experimental runs were conducted. (1987) minimal hexavalent molybdenum reductions were observed at run 29 and run 5, respectively. Table 4 shows the analysis of variance (ANOVA) of the regression parameters of the predicted response surface quadratic model for molybdenum reduction. The regression model was given as follows: Table 4 depicts that the F value of the model is 25.5 with a low probability value (F \ 0.0001), indicating that the model was significant for hexavalent molybdenum reduction. Values of P [ F less than 0.0500 indicate that the model terms are significant, while values greater than 0.1000 indicate that the model terms are not significant (Wu et al. 2010 ). The lack of fit for the F test (0.3836) was statistically insignificant, implying that the model fits the data. The goodness of fit of the model was checked using the determination coefficient (R 2 ) (Karthikeyan and Balasubramanian 2010) . In this case, the value of R 2 was 0.9649. The value of the adjusted R 2 was 0.9270, which was in reasonable agreement with the predicted R 2 (0.7792), indicating that the model was adequate for predicting the reduction with any combination of values of the variables. The adequate approximation of the selected model was measured by applying the diagnostic plots available in the Design Expert 6.0.10 software, namely, the studentized residuals plotted against the normal probability, predicted versus studentized residuals, runs versus studentized residuals, runs versus outliers and actual responses versus the predicted response values. Figure 1a shows that the studentized residuals plotted against the normal probability yielded a straight line, showing a normal distribution of the experimental data (Bashir et al. 2010; Hasan et al. 2011) . As shown in Fig. 1b-d , the predicted versus studentized residuals, run versus studentized residuals and run versus outlier, respectively, lie below the interval ±3.50, indicating that the approximation of the model was good with no data error. Figure 1e illustrates the actual responses plotted against the predicted response values, which fit each other with correlation coefficients (R 2 and R 2 adj) of 0.96 and 0.92, respectively, for molybdenum blue production. Therefore, the developed model is suitable for predicting the efficiency of hexavalent molybdenum reduction under the investigated conditions.
Determination and validation of optimal conditions
The maximal hexavalent molybdenum reduction was achieved using multiple responses, which is called the desirability function method (Bezerra et al. 2008 ). This method includes the desires and priorities for each of the variables to build a procedure for determining the relationships between the predicted molybdenum blue production for each variable and the desirability of the responses. The optimal conditions predicted by RSM were as follows: 20 mM molybdenum, 3.95 mM phosphate, pH of 6.25 and 25 g l -1 sucrose, which resulted in an overall (Table 5 ). To verify this optimal condition, a validation experiment was performed according to the condition obtained. The experimental result was compared with the given predicted value by measuring the deviation between both values. The validation result showed that molybdenum blue was formed at an absorbance value of 20.85 when measured at 865 nm compared with the predicted value of only 19.53 with a deviation of 6.75 %. The results obtained through the validation experiment indicate the suitability of the developed quadratic models, and it may be noted that these optimal values are valid within the specified range of process parameters.
Molybdate reduction was maximized using response surface methodology (RSM) with molybdenum blue production increasing from one variables at a time (OVAT) absorbance yield of 10.0 (Table 6 ) to higher than 20.0 as measured at 865 nm. There are many reports in the literature, which showed that after optimization using RSM, the response obtained increase up to several fold compared to the OVAT approach (Mamatha et al. 2008; Prapulla et al. 1992) . Based on this study, it has been proven that RSM is a robust optimization tools compared to classical method using OVAT approach. Molybdate reduction using Serratia sp. MIE2 was successfully optimized and maximized using RSM. 
Response surface plots of the affecting parameters
The surface responses of the quadratic model were applied to visualize the effects of each experimental parameter, with two parameters maintained at the optimal value and the other two varying within the experimental ranges as depicted in Fig. 2 . Figure 2a shows that the 3D surface response for the interaction effect of the molybdate concentration and phosphate concentration with pH and sucrose concentration were held at 6.25 and 25 mM (P [ 0.05). The molybdenum blue production began to increase when the molybdate concentration and phosphate concentration increased from 10 to 20 and 2.90 to 3.95, respectively. The determination of the phosphate and molybdate concentrations supporting optimal molybdenum reduction is important because both anions have been shown to inhibit Mo-blue production in bacteria (Shukor et al. 2009 ). The correct ratio between the molybdate and phosphate concentration is necessary for the formation of an intermediate phosphomolybdate species before being converted to molybdenum blue (Shukor et al. 2008b) . As shown in Fig. 2b , the 3D surface response for the interaction effect of the molybdate concentration and pH with phosphate and sucrose concentrations were held at 3.95 and 25 mM (P [ 0.05). Molybdenum blue production began to increase when the pH increased from 5.0 to 6.25. pH plays an important role in hexavalent molybdenum reduction. Because this process is enzyme mediated, both parameters affect protein folding and enzyme activity, causing the inhibition of molybdenum reduction . A weakly acidic, nearly neutral environment was important in this study for the formation of phosphomolybdate because molybdate ions were reduced to Mo 5? complexes and chemically reacted with phosphate ions to form phosphomolybdate ions. Figure 2c illustrates that the 3D surface response for the interaction effect of the molybdate and sucrose concentrations with the phosphate concentration and pH were held at 3.95 mM and 6.25 (P [ 0.05). The molybdenum blue production began to increase when the sucrose and molybdate concentrations increased from 10 to 25 g l -1 and 10 to 20 mM, respectively. Both responses (molybdate and sucrose concentrations) are important for maximum molybdenum blue production. In the presence of sucrose in the media, the bacteria produce electron-donating substrates, NADH and NADPH, electron donors for the molybdenum-reducing enzyme through metabolic pathways, such as glycolysis, the Kreb's cycle Rend. Fis. Acc. Lincei (2016) 27:697-709 703 and the electron transport chain. Both NADH and NADPH are responsible as the electron-donating substrates for the molybdenum-reducing enzyme (Shukor et al. 2009 ). As shown in Fig. 2d , the 3D surface response for the interaction effect of the phosphate concentration and pH with the molybdate and sucrose concentrations were held at 20 mM and 25 g l -1 (P \ 0.05). Molybdenum blue production began to increase when the pH was increased from 5.0 to 6.88. During the molybdenum reduction process by strain MIE2, the optimal initial pH was 6.25 and molybdenum reduction began to decrease when the pH decreased to 5. This result showed that the strain MIE2 was unable to survive at a pH of approximately 5, potentially due to the inhibition of the metabolic process of the bacterium. As shown in Fig. 2e , the 3D surface response for the interaction effect of phosphate and sucrose concentrations (P [ 0.05) with molybdate concentration and pH were held at 20 mM and 6.25, respectively. Molybdenum blue production began to increase when the sucrose concentration was increased from 10 to 25 g l -1 . As shown in Fig. 2f , the 3D surface response for the interaction effect of the pH and sucrose concentration (P [ 0.05) with the molybdate and phosphate concentrations were held at 20 and 3.95 mM, respectively. Molybdenum blue production began to increase when the pH and the sucrose concentration increased from 5 to 6.25 and 10 to 25 g l -1 , respectively. Sucrose is needed by strain MIE2 as a carbon source and for energy for growth. In addition, sucrose provides surplus NADH for molybdenum blue production.
Modelling the kinetics of molybdenum reduction
Figure 3 depicts the effect of different concentrations of molybdate on molybdenum reduction for 24 h. The molybdenum blue production increased until 10 mM but began decreasing at 20 mM and was totally inhibited at Ammonium sulphate 10 g/L Fig. 3 Effects of different concentrations of molybdate on molybdenum reduction. The molybdenum reduction was measured at a wavelength of 865 nm every 2 h for 24 h 50 mM. The result from Fig. 3 was used to calculate the hexavalent molybdenum reduction rate. The rate of hexavalent molybdenum reduction was plotted against the initial molybdate concentration, as illustrated in Fig. 4 . The data from the experimental values in the batch studies were fit to seven kinetic models using the curve-fitting toolbox in Matlab R2012 to determine the constants. Table 7 presents the results of seven kinetic models with their correlation coefficients (R 2 ). Estimations of the kinetic parameters of seven substrate-inhibition models were used to determine the values of the kinetic parameters, such as P max , K S , K I , K, and S m (Desai et al. 2008) . Based on the results, the best model was the Luong model, followed by the Teissier, Aiba and Yano models with correlation coefficients higher than 0.99 (R 2 [ 0.99). The Haldane and Webb models produced correlation coefficients of less than 0.99 (R 2 \ 0.99). The Monod model did not fit the experimental data (R 2 of 0.34). However, because the Luong model exhibits four kinetic constants and the Teissier model only exhibits three constants, the Teissier model was chosen by default because of its mathematical simplicity (Othman et al. 2013) . The calculated values of R 2 , P max , K s and K i of the best model (the Teissier model) were 0.99, 1.97 Moblue per hour, 5.79 and 31.48 mM. A previous study showed that when the hexavalent molybdenum reduction kinetics by Bacillus sp. strain A.rzi were studied using three models, the Luong model best represented hexavalent molybdenum reduction, followed by the Haldane and Monod models. A modelling kinetic study showed that the molybdenum blue production by strain a.rzi was completely inhibited at 100 mM molybdate, and the calculated inhibitory concentration according to the Luong model occurred at 108.22 mM. In strain MIE2, molybdenum blue production was not inhibited at molybdate concentrations higher than 60 mM. Molybdenum blue production appears to level off from 60 to 80 mM with an appreciably low amount of molybdenum blue being produced, indicating that the Luong model is not applicable because it predicts a molybdate concentration that should completely inhibit molybdenum blue production. The calculated value for the Luong's constants P max and K s were 5.88 Mo-blue per hour and 70.36 mM, respectively, for Bacillus sp. strain A.rzi. The maximal rate of molybdenum blue production for strain MIE2 was lower than that for strain A.rzi, indicating a lower efficiency. Meanwhile the lower K s value for strain MIE2 indicates a lower substrate concentration for this strain to achieve the maximal rate compared with Bacillus sp. strain A.rzi, indicating that the strain could reach a maximal rate at a lower concentration than strain A.rzi. The Teissier model has been successfully used to fit various growth kinetics data with substrate inhibition in several systems, and this is the first time that the Teissier model has been used to model hexavalent molybdenum reduction kinetics in bacteria.
Conclusions
In conclusion, hexavalent molybdenum reduction to molybdenum blue by Serratia sp. strain MIE2 was successfully optimized using RSM. The optimal conditions predicted by RSM were 20 mM molybdenum, 3.95 mM phosphate, pH 6.25 and 25 g l -1 sucrose with the overall molybdenum blue production in terms of an absorbance value of 19.53 when measured at 865 nm. The validation experimental results showed that 20.85 of molybdenum blue at 865 nm was formed compared with the predicted value with a deviation of 6.75 %. The modelled kinetics of Mo 6? reduction showed that the Teissier model was chosen as the best model.
